Nonhomologous end-joining (NHEJ) inhibition at telomeres ensures that native chromosome ends do not fuse together. But the occurrence and consequences of rare telomere fusions are not well understood. It is notably unclear whether a telomere fusion could be processed to restore telomere ends. Here we address the behavior of individual dicentrics formed by telomere fusion in the yeast Saccharomyces cerevisiae. Our approach was to first stabilize and amplify fusions between two chromosomes by temporarily inactivating one centromere. Next we analyzed dicentric breakage following centromere reactivation. Unexpectedly, dicentrics often break at the telomere fusions during progression through mitosis, a process that restores the parental chromosomes. This unforeseen result suggests a rescue pathway able to process telomere fusions and to back up NHEJ inhibition at telomeres.
Nonhomologous end-joining (NHEJ) inhibition at telomeres ensures that native chromosome ends do not fuse together. But the occurrence and consequences of rare telomere fusions are not well understood. It is notably unclear whether a telomere fusion could be processed to restore telomere ends. Here we address the behavior of individual dicentrics formed by telomere fusion in the yeast Saccharomyces cerevisiae. Our approach was to first stabilize and amplify fusions between two chromosomes by temporarily inactivating one centromere. Next we analyzed dicentric breakage following centromere reactivation. Unexpectedly, dicentrics often break at the telomere fusions during progression through mitosis, a process that restores the parental chromosomes. This unforeseen result suggests a rescue pathway able to process telomere fusions and to back up NHEJ inhibition at telomeres.
[Keywords: NHEJ; Rap1; Telomere; centromere; dicentric; karyotype stability]
Received December 8, 2009; revised version accepted February 22, 2010. Telomeres are the DNA-protein complexes at the ends of linear chromosomes. They solve the end replication problem resulting from semiconservative DNA replication (Walmsley et al. 1983; Greider and Blackburn 1985; Shore and Bianchi 2009) . They also protect the native chromosome ends from the DNA damage repair and checkpoint pathways that act on ends generated by double-strand breaks (de Lange 2009). Evolution solved these problems differently in prokaryotes and in eukaryotes. In several bacteria and viruses, chromosomes are linear and have covalently closed hairpin telomere ends. Replication produces inverted repeats that are processed into two covalently closed hairpins by a specialized resolvase (Aihara et al. 2007) . In other words, in these prokaryotic organisms, breakage of the fused telomeres is a normal part of the chromosome replication and segregation cycle. In eukaryotes, telomeres are stable, open double-strand ends. In most cases they display a short 39 single-strand overhang, and their sequences are made of an oriented short G-rich repeated motif (e.g., TG 1-3 in the yeast Saccharomyces cerevisiae and TTAGGG in vertebrates). The repeated motifs allow the concentration of specialized proteins that recognize them and establish telomere functions.
One function of telomeres in eukaryotes is to prevent fusions by the nonhomologous end-joining (NHEJ) doublestrand break repair pathway (Riha et al. 2006) . The normal role of NHEJ is to fuse the two ends of a double-strand break. NHEJ requires three conserved factors: the KU DNA end-binding protein; the Rad50-Mre11-Xrs2 NBS1 complex; and Ligase 4 with its cofactors, Lif1 XRCC4 and Nej1 CERNU/XLF (Daley et al. 2005; Callebaut et al. 2006; Deng et al. 2009; Rass et al. 2009; Xie et al. 2009) . NHEJ inhibition at telomeres is established by proteins bound to the double-stranded telomeric repeats. In the fission yeast Schizosaccharomyces pombe, the Taz1 protein binds telomeric DNA and recruits the Rap1 protein. Both Taz1 and Rap1 are required for NHEJ inhibition (Ferreira and Cooper 2001; Miller et al. 2005) . In mammals, TRF2, a Taz1 ortholog, recruits RAP1 to telomeres, and both TRF2 and RAP1 establish NHEJ inhibition, likely through more than one pathway (van Steensel et al. 1998; Smogorzewska et al. 2002; Celli and de Lange 2005; Bae and Baumann 2007; Sarthy et al. 2009 ). In S. cerevisiae, the Rap1 protein directly binds the telomere sequences and establishes several parallel pathways to inhibit NHEJ (Pardo and Marcand 2005; Marcand et al. 2008) . The synergy between different pathways ensures that fusions remain rare. In the absence of telomerase-mediated telomere elongation, fusions occur mostly between extremely short telomeres, as observed in yeast (Chan and Blackburn 2003; Mieczkowski et al. 2003) , plants (Heacock et al. 2004) , worms (Lowden et al. 2008) , and human cells (Capper et al. 2007 ). However, telomere fusion frequencies in wild-type physiological contexts are yet unknown.
Telomere fusions between chromosomes lead to dicentric chromosomes, whose expected detrimental consequences are observed in several experimental situations. For instance, TRF2 inhibition in human cells results in anaphase bridges (van Steensel et al. 1998) . In mice, liver cells with extensive telomere fusions induced by TRF2 loss fail to proceed normally through anaphase (Denchi et al. 2006) . In fission yeast lacking Taz1 and in budding yeast with a conditional Rap1 mutant, telomere fusions cause some cell death (Ferreira and Cooper 2001; Pardo and Marcand 2005) . Most commonly studied dicentrics are created by double-strand break-induced rearrangements and were first described by Barbara McClintock in the 1940s (McClintock 1941 (McClintock , 1942 . They form anaphase bridges that break somewhere between the two centromeres, causing further rearrangements and genome instability, which eventually lead to cell death (Bajer 1964; Mann and Davis 1983; Haber et al. 1984; Surosky and Tye 1985; Koshland et al. 1987; Hill and Bloom 1989; Kramer et al. 1994; Jannink et al. 1996; Lo et al. 2002; Han et al. 2009; Paek et al. 2009; Pennaneach and Kolodner 2009) . The mechanism of dicentric breakage is unknown. The high elasticity of mitotic chromosomes does not suggest a simple mechanical shearing by spindle forces (Marko 2008) .
Interestingly, telomere fusions that occur spontaneously in the germline can sometimes get stabilized. An example in human evolution is chromosome 2, which comes from a fusion between two chromosomes that are distinct in apes (Lejeune et al. 1973) . The head-to-head telomeric repeats are still present at the fusion point (IJdo et al. 1991) , and one centromere is inactivated (Avarello et al. 1992) . Recently, individual chromosome fusions were selected from fission yeast cells with an irreversible centromere deletion (Ishii et al. 2008 ). Here we address the behavior of individual dicentrics formed by telomere fusion in S. cerevisiae. Our approach was to first stabilize and amplify individual fusions between two chromosomes by temporarily inactivating one centromere in cells with frequent telomere-telomere fusions. Next, we analyzed dicentric breakage following centromere reactivation. Unexpectedly, dicentrics often break at the telomere fusions.
Results

Selection of individual telomere fusions
First, we needed a new tool to stabilize and select individual telomere fusions. In S. cerevisiae, a centromere can be partially inactivated by transcription from a galactose-inducible GAL1 promoter directed toward the centromere (Hill and Bloom 1987) . The inactivated centromere is detached from the spindle. When transcription is turned off, the centromere is rapidly reattached to the spindle, and its function is restored (Tanaka et al. 2005) . Centromere inactivation will stabilize chromosome fusions. In addition, it will create a positive selection for the fusions, since the missegregation of an unfused acentric chromosome will have a detrimental effect on cell growth, and chromosome fusion will rescue normal segregation and viability (Ishii et al. 2008) . To increase the stringency of this selection, we chose to inactivate the centromere of chromosome 6. Increased copy number of this chromosome kills the cells, likely because it carries the TUB2 gene encoding the b subunit of tubulin (Katz et al. 1990; Torres et al. 2007) . In a haploid context, a missegregation of chromosome 6 will lead to one cell missing the chromosome and one cell with two copies, both being unviable. We inserted a GAL1 promoter on each side of chromosome 6 centromere (CEN6) (Fig. 1A) . As shown in Figure 1B , growth on galactose-containing medium is partially impaired when one promoter is present on one side of CEN6, and is further inhibited when one promoter is present on each side of CEN6. On glucose, transcription is repressed and cell growth is normal. In this study, we chose to use the construct with two GAL1 promoters because it appeared more effective at inactivating CEN6.
Next, we introduced this conditional centromere in cells where telomere fusions by NHEJ are frequent, using a previously described RAP1 conditional degron allele called rap1-(D). In rap1-(D) cells, rap1 protein level decreases, and fusions accumulate when cells reach stationary phase (Pardo and Marcand 2005) . Figure 1C shows the amplification of telomere fusions by PCR with two primers annealing at the end of the Y9 sequences, the subtelomeric elements present at the tip of about half of the chromosome ends in S. cerevisiae (Louis and Haber 1992) . Fusions are easily amplified from rap1-(D) cells that have reached stationary phase, but not from RAP1 cells or from rap1-(D) lif1-D cells defective for NHEJ. In rap1-(D) cells growing exponentially, fusions appear at least 100 times less frequently than in stationary phase. Fusions between telomeres should also be detectable by Southern blot if their frequency is high enough, a method first used in human cells (van Steensel et al. 1998) . In yeast, Y9 telomeres display a conserved XhoI restriction site at an 850-to 900-base-pair (bp) distance from the beginning of the TG 1-3 telomeric repeats (Fig.  1A) . Figure 1D shows that, in rap1-(D) cells that have reached stationary phase, a new smear is detectable at about twice the average size of the XhoI telomeric restriction fragments in these cells. This smear is not detected in rap1-(D) lif1-D cells defective for NHEJ. The intensity of the smear is ;3% of the signal from the Y9 ends, suggesting an average of one fusion between two Y9 telomeres in a quarter or a third of the rap1-(D) cells in stationary phase, assuming a random distribution in the population.
When stationary rap1-(D) cells with a conditional CEN6 were spread on galactose-containing plates, survivors to CEN6 inactivation appear at a frequency of ;0.2% (Fig. 1E,F) . Survivors are at least 50 times less frequent in rap1-(D) cells growing exponentially and in rap1-(D) lif1-D cells in stationary phase, indicating an overall correlation between survivors of CEN6 inactivation and the presence of telomere fusions in the cells prior to CEN6 inactivation. Since S. cerevisiae has 16 chromosomes, our previous estimation from Figure 1D that there is at least one fusion in a quarter of the stationary rap1-(D) cells predicts that ;3% of the cells should have chromosome 6 fused to another chromosome, supposing the odds are equal among all telomeres. The discrepancy between this simple prediction and the observed 0.2% frequency of survivors suggests that, in stationary rap1-(D) cells, some telomeres may be more exposed to NHEJ than chromosome 6 telomeres, or that fusions between the two ends of chromosome 6, unselected in the assay, may be more frequent than fusions between chromosome 6 and another chromosome. In addition, fusions may be distributed unequally among the cells.
Characterization of individual telomere fusions
The karyotype of eight individual clones selected on galactose from stationary rap1-(D) cells was analyzed by pulse-field electrophoresis ( Fig. 2A, left panel) . In all clones, chromosome 6 as well as another chromosome are missing at their native position, and a single new chromosome appears at a size close to the sum of the two missing chromosomes. For instance, in clone II, chromosomes 6 (;270 kb) and 9 (;440 kb) are missing, and a new chromosome appears between 670 and 750 kb, indicating that chromosomes 6 and 9 are fused together. Hybridization with a probe from chromosome 6 shows for each clone the main signal at the position of the new chromosome ( Fig. 2A, right panel) . Weaker signals are present at the native position of chromosome 6 and at ;550 kb, about twice the size of chromosome 6 (see below).
To further characterize the individual fusions, we first used the XhoI restriction site present at 1740 bp from the TG 1-3 telomeric repeats at the right end of chromosome 6 (TEL 6R) (Fig. 1A) . In a Southern blot with a TEL 6R probe (Fig. 2B) , several clones display a discrete band at ;3 kb instead of the telomeric smear at ;2 kb, indicating that the right telomere of chromosome 6 is fused in these clones. The size of the bands suggests fusions with Y9 The left end of chromosome 6 (TEL 6L) contains at least one Y9 and an ;500-bp X subtelomeric element followed by an ;10-kb stretch with homology with other subtelomeric regions. The right end of chromosome 6 (TEL 6R) contains an X element followed by a unique sequence with no homology with the rest of the genome. (B) Loss of cell viability in response to CEN6 inactivation by transcription. Strains Lev554 (CEN6), Lev1064 (CEN6-pGAL1), Lev1211 (pGAL1-CEN6), and Lev1212 (pGAL1-CEN6-pGAL1) were grown overnight in glucosecontaining rich medium, diluted by 10-fold serial dilutions, plated on synthetic media, and incubated for 3 d (glucose) or 4 d (galactose) at 30°C . The ade2-1 mutation present in this background causes the cells to accumulate purine precursors when they start to exhaust the adenine from the medium. These precursors give a red color to the colonies. Colonies with a large fraction of sick or dead cells remain white. telomeres. A faint smear is also visible around 2 kb as well as two weak discrete bands at ;2 kb and ;4 kb (see below). The same samples were further analyzed by Southern blot with XhoI and a Y9 probe (Fig. 2C ). The clones with a fusion involving TEL 6R display the same ;3-kb band seen with a TEL 6R probe, confirming a fusion between TEL 6R and a Y9 telomere in these clones. Other clones display a new discrete band between 2 and 2.2 kb, suggesting a fusion between the left end of chromosome 6 (TEL 6L) and another Y9 telomere. Clone I displays a band above 4 kb, suggesting a fusion between TEL 6L and an X telomere. The subtelomeric sequences adjacent to the fusions were confirmed by PCRs with an X and a Y9 primer (clone I), with two Y9 primers (clones II, III, VI, and VIII), and with a TEL 6R and a Y9 primer (clones IV, V, and VII) (data not shown). The fusions of clones III and VIII display a restriction site at the junction of the two telomeres, allowing the cloning and sequencing of each telomere involved in the fusion. Clone III had fused two telomeres of 147 and 95 bp of TG 1-3 , and clone VIII had fused two telomeres of 159 and 152 bp (their sequences are shown in the Material and Methods). Thus, inactivation of one centromere allows the selection and propagation of individual telomere fusions with head-tohead telomeric repeats at the junction. The length of the repeats in the cloned fusions is shorter than the mean telomere length in rap1-(D) cells (;240 bp). One interpretation is that telomere fusion may be favored by cooperation between the reduction of Rap1-binding sites in the shortest telomeres and the partial loss of function of the rap1-(D) mutant (Pardo and Marcand 2005) . Another bias that we observed among a larger pool of selected fusions is that TEL 6L is fused more frequently than TEL 6R, and that some chromosomes are fused more frequently than others to chromosome 6 (e.g., chromosome 5) (data not shown). Again, it might be that some telomeres are relatively more exposed to NHEJ than others in stationary rap1-(D) cells. The constraints of chromosomes organization in the nucleus might also favor fusions between telomeres that are more likely to interact transiently (Therizols et al. 2010 ).
Breakage of dicentrics formed by telomere fusion
We next asked how the fused chromosomes behave when the function of CEN6 is restored. Cells grown exponentially in the presence of galactose were switched to a glucosecontaining medium for one and two population doublings. Karyotype analysis by pulse-field electrophoresis shows two interesting phenomena (Fig. 3A) . First, the dicentrics formed by the fused chromosomes fade away when the cells divide in glucose. This is seen by ethidium bromide staining when the dicentric is not overlapping with another chromosome, and by Southern blot. Secondly, a chromosome reappears at the positions of the native chromosomes that were fused together in the dicentrics. This reappearance is visible by ethidium staining at the position of chromosome 6 as well as at the positions of chromosomes 9, 10, and 14 for clones II, VII, and VIII, respectively. Southern blot confirms the reappearance of chromosome 6 in every clone. It also shows the reappearance of chromosome 7 for clones I and IV, and of chromosome 5 for clones III, V, and VI. This indicates that breakage of a dicentric often occurs at or near the telomere fusion joining the two chromosomes. Hence, telomere fusions behave as hot spots particularly prone to breakage.
To quantify the loss of the dicentrics and the reappearance of the chromosomes at their native positions, the Southern blot was rehybridized with a probe from chromosome 3 whose signal was used as an internal loading control (Fig. 3A) . The corrected signals were then normalized to the sum of the signals from the dicentric and from the native chromosome in cells growing with galactose (point 0) (Fig. 3B) . On average, dicentrics drop from 93% 6 2% in galactose to 57% 6 4% and 33% 6 4% after one and two doublings in glucose, respectively. The proportion of unfused chromosome 6 increases from 7% 6 2% in galactose to 22% 6 4% and 31% 6 7% after one and two doublings in glucose, respectively. The relative signal pooled from unfused chromosome 7 in clones I and IV and from unfused chromosome 5 in clones III, V, and VI increases from 10% 6 3% in galactose to 24% 6 6% and 36% 6 7% after one and two doublings in glucose, respectively. This quantification indicates that ;40% of the time breakage of the dicentrics restores chromosomes of native size.
Breakage at TEL 6R
We took advantage of the unique sequence near TEL 6R to have a close-up view at the fusions of clones IV, V, and VII during the first two divisions following the reactivation of CEN6 (Fig. 4A) . A loss of the fusion at ;3 kb is visible, as well as the appearance of a smear around 2 kb. The width of the smear is relatively narrow, suggesting that breakage occurs within the telomeric repeats and not much within the adjacent subtelomeric sequences. A discrete band within the smear also increases in intensity. This band may suggest that breakage often occurs at a preferred position; for example, at the junction of the two telomeres. An alternative explanation is shown in Figure 4B (Bateman 1975; Smith 2008) . Breakage may occur randomly within the telomeric repeats, but 59 degradation may expose the junction as ssDNA, which can fold back on itself, forming the discrete band at ;2 kb. If this hairpin is filled in and ligated but not opened, replication during the next cell cycle creates a dicentric isochromatid that would explain the XhoI fragment at ;4 kb as well as the ;550-kb band detected with a chromosome 6 probe on chromosomes separated by pulse-field electrophoresis ( Fig. 2A) . Breakinduced exchange between chromatids at inverted repeats may also create a dicentric isochromatid (Grossi et al. 2001) . We note that the ;550-kb band migrates slightly faster when the right telomere of chromosome 6 is involved in the fusion than when it is the left telomere. This might be due to different conformations in the gel during pulse-field electrophoresis (Lalande et al. 1987 ).
Telomere fusion instability in a monocentric context
To test whether the residual level of unfused chromosome 6 in galactose was due to a partial activity of CEN6, we constructed a rap1-(D) strain with two loxP sites in direct repeats on each side of CEN6. Induction of the CRE recombinase deletes CEN6 from the chromosome and allows the selection of survivors in which chromosome 6 is fused with another chromosome (see the Materials and Methods). Figure 4D shows an example of four cen6-D clones (a-d) next to four other clones where CEN6 is inactivated by transcription from two pGAL1 promoters (IX-XII). Clone d is a fusion between TEL 6R and a Y9 telomere. The seven others are fusions between TEL 6L and another Y9 telomere (data not shown). Hybridization with a probe from chromosome 6 shows that the residual level of unfused chromosome 6 is reduced by approximately threefold when CEN6 is deleted compared with when it is inactivated by transcription (Fig. 4D) . This difference indicates that CEN6 is still sometimes active when transcription is induced from the two pGAL1 promoters. In addition, the steady level of unfused chromosome 6 in the absence of CEN6 despite its permanent counterselection is indicative of a lower but significant instability of the telomere fusions. Interestingly, the band at ;550 kb is still detectable in the cen6-D clones. This instability in a monocentric context may stem from the palindromic structure of telomere fusions ( Fig. 4C ; Szostak 1983; Murray et al. 1988; Lobachev et al. 2002 Lobachev et al. , 2007 Cote and Lewis 2008; Smith 2008) .
Breakage occurs during progression through mitosis
In the previous experiments, breakage was observed in a permissive condition of the rap1-(D) mutant. To study dicentrics formed by telomere fusion in a context closer to wild type, we complemented the rap1-(D) allele in clones II, III, IV, and VIII with an integrative plasmid carrying a wild-type copy of RAP1. This 8-kb plasmid integrates at the URA3 locus on chromosome 5, sometimes in multiple copies. The dicentrics we studied display one (clones III and VIII), two (clone II), or four (clone IV) copies of RAP1 (data not shown) (also seen in the increased length of chromosome 5 in clones II and IV in Fig. 5A ). Complemented cells were grown exponentially in the presence of galactose and switched to a glucosecontaining medium for one and two population doublings. In the experiment displayed in Figure 5A , dicentrics in RAP1-complemented cells drop on average from 96% 6 2% in galactose to 58% 6 4% and 34% 6 5% after one and two doublings in glucose, respectively. The proportion of unfused chromosome 6 increases from 4% 6 2% in galactose to 18% 6 5% and 28% 6 9% after one and two doublings in glucose, respectively. This is indistinguishable from the breakage observed previously in rap1-(D) cells. Rap1 implication in this process is not ruled out by this result, since its function could still be effective in the permissive condition of the rap1-(D) mutant.
Next, we looked at dicentric breakage in RAP1-complemented cells during a single cell cycle. Cells grown with galactose were synchronized in G1 phase by a-factor and then released from the block in glucose-containing medium. Cells were either blocked at the G2/M transition by nocodazole or allowed to move through mitosis until they were blocked again in the next G1 by a-factor that was added back to the medium. As shown in Figure  5B , transition from G2/M to the next G1 is needed to break the dicentrics and to restore chromosome 6. During this transition, about half of the dicentrics are broken (from 97% 6 1% in G1 and 88% 6 6% in G2/M to 52% 6 4% in the next G1), and a fraction of the signal reappears at the position of chromosome 6 (from 3% 6 1% in G1 and 3% 6 1% in G2/M to 21% 6 6% in the next G1). Thus dicentric breakage at telomere fusions requires progression through mitosis.
Recovery from the fusions
To test their ability to recover from breakage, RAP1-complemented cells containing a dicentric chromosome were grown exponentially in galactose-containing medium and positioned on glucose-containing plates. During their first three generations on glucose, individual cells were separated after each division unless they failed to proceed through cytokinesis. The cells were then left for 3 d at 30°C to form colonies. The result is shown in Figure 6A . A black circle indicates a separated cell that failed to give rise to a colony. Among 48 initial cells from each clone, a majority (26-41) formed at least one colony. However, lethality is very frequent and appears to occur stochastically during the first divisions. Interestingly, the crisis is more acute for clones II and III, and this difference correlates with a lower efficiency at breaking at the fusion during one cell cycle (Fig. 5B) . In addition, a few cells failed at the first division, perhaps because the dicentric was already broken and chromosome 6 was missegregated before plating.
The karyotype of 24 colonies obtained from the pedigree was analyzed by pulse-field electrophoresis. We chose six independent colonies for each dicentric (Fig.  6A) . In each colony, the chromosomes that formed the dicentrics reappear at or very close to their native positions. The only exception is in colony #22, where chromosome 14 reappears higher than expected (Fig. 6B) . Another interesting change is seen in colony #1, where chromosome 9 appears at two copies. In addition, a chromosome not involved in the fusions is increased in size in colonies #5 and #16. Hybridization with a Y9 probe shows that Y9 copy number did not change except in colonies #5, #11, and #22 (Fig. 6B, bottom panel) . These rearrangements may originate from breakage within a subtelomeric sequence, followed by break-induced replication with another subtelomere.
Discussion
In this study, we observed that the inactivation of one centromere allows the selection and propagation of headto-head telomere fusions between chromosomes. When the two centromeres are functional, the dicentrics often break at the telomere fusion during progression through mitosis. This processing restores both chromosomes and allows the cell lineage to recover from the fusion. This shows a remarkable resilience of the genome. It also suggests an unsuspected rescue pathway able to back up NHEJ inhibition at telomeres. This pathway would allow a reversibility of telomere fusions, a common strategy to proofread a biological function. Its existence would imply that, despite several mechanisms ensuring that NHEJ between telomeres remains unlikely, rare fusions sometimes occur in normal cells. Fusion occurrence might be significant during a prolonged quiescent state in spores or in stationary phase, but this remains to be determined.
In our assay, ;40% of the dicentrics regenerate two parental chromosomes after breakage. This partial effectiveness causes lethality among the progeny of the first divisions following dicentric formation, and sometimes genome changes making this process error-prone. In Figure 7 , we propose a scenario to explain how a cell with a dicentric either keeps dividing or dies or recovers from the fusion. In anaphase, the two centromeres of each sister chromatid can migrate toward the same pole, thus propagating the dicentric to the next generation in the two offspring. Alternatively, the centromeres of each sister chromatid can migrate toward opposite poles, forming two anaphase bridges. Breakage of the two bridges at the fusion restores a normal karyotype in the two offspring (situation A). Breakage of one bridge at the Figure 5 . Breakage of dicentrics in RAP1-complemented cells. (A) Clones II, III, IV, and VIII transformed with pRS306-RAP1 were grown exponentially in galactose-containing synthetic medium (0) and switched to glucose-containing rich medium for one or two population doublings (1 and 2). Chromosomes were separated by PFGE, labeled with ethidium bromide (left panel), and probed with a fragment from chromosome 6 (top right panel) and a fragment from chromosome 3 (bottom right panel). The positions of the native and fused chromosomes are labeled on the right. The signals were corrected to the signal from chromosome 3 for each lane. For each series, the indicated percentage is relative to the sum of the dicentric and the unfused chromosome 6 in cells grown in galactose. (B) Cells transformed with pRS306-RAP1 and grown exponentially in galactose-containing synthetic medium were synchronized in G1 with a-factor (G1), released in glucose-containing rich medium, and either blocked in G2/M with nocodazole (G2/M) or allowed to proceed through mitosis to be blocked in the next G1 with a-factor (next G1). Chromosomes were separated by PFGE, labeled with ethidium bromide (left panel), and probed with a fragment from chromosome 6 (top right panel) and a fragment from chromosome 3 (bottom right panel). The positions of the native and fused chromosomes are labeled on the right. The signals were corrected to the signal from chromosome 3 for each lane. For each series, the indicated percentage is relative to the sum of the dicentric and the unfused chromosome 6 in cells in G1 in galactose.
fusion and breakage of the other bridge away from the fusion creates one progeny missing a chromosome fragment, a lethal situation in haploids (situation B). The other progeny might repair the broken double-strand end by break-induced replication (Lydeard et al. 2007; Smith et al. 2007 ), recreating the dicentric but with an extra copy of one chromosome (as in seen in colony #1 in Fig.  6B ). This outcome would be lethal if chromosome 6 is the duplicated chromosome (Torres et al. 2007 ). Breakage of the two bridges may also occur away from the fusion, either on the same side relative to the fusion (situation C) or on opposite sides (situation D). In both cases, one (That is, after a first division, one cell was left at the first position from the left, and the other cell was moved to the fifth position from the left. After a second division, one cell was left at its original position, and the other cell was moved to the third or the seventh position from the left, respectively, etc.). Colonies were photographed after incubation for 3 d at 30°C. A circle indicates the presence of a cell that failed to form a colony. The 24 colonies chosen for PFGE analysis are numbered in red. (B) Chromosomes from clones II, III, IV, and VIII transformed with pRS306-RAP1 grown in galactose-containing synthetic medium and from Lev1212 (RAP1) and the chosen 24 colonies grown in glucose-containing rich medium were separated by PFGE, labeled with ethidium bromide (top panel), and probed with a Y9 fragment (bottom panel). Changes are indicated with red arrows. In colony #1, chromosome 9 appears at two copies. In colony #5, the relative Y9 signal is increased for chromosome 6 or 1 and for chromosome 13 or 16. In colony #11, the Y9 signal is reduced for chromosome 5 or 8. In colony #22, the Y9 signal of chromosome 14 is increased.
progeny misses one or two chromosome fragments and therefore becomes unviable. The other progeny might also repair the two broken double-strand ends by breakinduced replication. Fusion by NHEJ might also occur. In situation D, if the two breaks occur nearby, fusion of the two broken ends by single-strand annealing would recreate a single copy of the dicentric.
It would be interesting to understand why breakage of the fusions is not more effective. It is possible that the laboratory strain we used had lost some fitness and that other strains will prove more capable of doing it. It is also possible that an inherently error-prone mechanism of breakage comes with a cost on genome stability even in the absence of fusions. A trade-off would set the effectiveness at an intermediate level. A redundancy among the mechanisms established to avoid telomere fusion might also facilitate an evolutionary drift of the rescue pathway. Alternatively, we cannot formally rule out that the function under natural selection is not the breakage of rare telomere fusions, but instead other accidents generating dicentric-like situations that might be more frequent in wild-type cells; for example, entangled telomeres following replication (Miller et al. 2006; Rog et al. 2009 ).
The mechanism of breakage is unknown except that it occurs in a narrow hot spot (Fig. 4A) . This feature will help molecular understanding of the process. Several working models can be imagined. Breakage at the fusion could occur during anaphase when chromatin under tension might be more susceptible to break at a telomeric sequence because of its chromatin structure, a different condensation level, the presence of nicks, or the recruitment of nucleases by the telomeric proteins. Breakage may also be caused by cytokinesis, as observed for entangled chromosomes in Top2-depleted yeast cells (Baxter and Diffley 2008) and for dicentrics created by double-strand break-induced rearrangements in plant cells (Bajer 1964) . In this model, the fusion would be recruited to the plane of cleavage during abscission, and would be silent to the NoCut checkpoint that delays cytokinesis in response to lagging chromatin (Norden et al. 2006; Mendoza et al. 2009 ). It would be interesting to address whether the palindromic structure of the fusion and Rap1 or the factors recruited by Rap1 are important to create a hot spot for breakage. Finally, it is not yet known whether a telomere fusion rescue pathway could exist in other eukaryotes. A recently described temperature-sensitive TRF2 allele might be a tool to address this issue in mammals (Konishi and de Lange 2008) . Understanding the mechanism of dicentric breakage at telomere fusions and whether it is conserved in evolution should shed more light on how cells maintain genome stability.
Materials and methods
Strains and plasmids
The strains used in this study are listed in Table 1 . The GAL1 promoters were inserted at CEN6 by two successive PCR-mediated Figure 7 . Model for the segregation and breakage during one cell cycle of a dicentric formed by a telomere fusion. The telomeres are in blue, and the centromeres are in red. The proposed scenario is described in the second paragraph of the Discussion. transformations using the pFA6a-KanMX6-pGAL1 and pFA6a-skHIS3MX6-pGAL1 plasmids (Longtine et al. 1998 ). Kan-pGAL1 was inserted 11 bp away from the left side of CEN6. skHIS3-pGAL1 was inserted 81 bp away from the right side of CEN6. The resulting sequence surrounding CEN6 in KANr-pGAL1-CEN6-pGAL1-skHIS3 strains is AAGGAGAAAAAACCCGGATCTCA AAATGATATTTCTTTTCATCACGTGCTATAAAAATAATTA TAATTTAAATTTTTTAATATAAATATATAAATTAAAAATAG AAAGTAAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTT TTCCGAAGATGTAAAATAGGTTGAAAGTTAGAAATTAGT ATTATAATAGCAAAAAAAATTTAAAGTTAGAAATTAGAA TTTAAGGCTCTACACACGCATTTTGAGATCCGGGTTTTT TCTCCTT. The end of the GAL1 promoters is underlined; the CEN6 sequence is in bold.
The loxP sites were inserted at the same positions around CEN6 by two successive PCR-mediated transformations using the pFA6a-klTRP1MX6 and pFA6a-skHIS3MX6 plasmids. The klTRP1 is on the left side of CEN6 within the two loxP sites, and skHIS3 is on the right side of CEN6 outside the two loxP sites. Plasmid pRS315-pGAL1-CRE was transformed into yeast strains Lev1125 and Lev1126.
Plasmid pRS306-RAP1 (Pardo and Marcand 2005) was digested by NdeI prior to transformation into yeast cells.
Amplification of the telomere-telomere fusions by PCR
Genomic DNA was prepared by zymolyase digestion followed by phenol-chloroform extraction. Fusions between Y9 telomeres were amplified with the two following 34-mer: 59-GTCAGAAAGCCG GGTAAGGTATGACAGCGAGAGT-39; 59-GTCAGAAAGCCG GGTAAGGAGTGACAGCGCGAGT-39.
These primers anneal to the end of the Y9 elements 15-20 bp from the TG 1-3 repeats. PCR reactions (30 mL) contained ;10 ng of genomic DNA, 13 Phusion GC buffer, 3% DMSO, 200 mM each dNTP, 0.5 mM each primer, and 0.6 U of Phusion Polymerase (Finnzymes). The conditions were 30 sec at 98°C, then 28 or 32 cycles of 10 sec at 98°C, 50 sec at 72°C,and 5 min at 72°C. The products (10 mL) were separated through a 1% agarose gel containing 0.1 mg/mL ethidium bromide, and fluorescence was quantified using a Typhoon imager.
Selection of individual fusions
were freshly streaked on glucose-containing rich medium (YPD) and then grown exponentially in YPD for 24 h. Parts of the cultures were allowed to reach saturation in 6 d. Cells growing exponentially or in stationary phase were spread at an appropriate dilution on 2% glucose-containing synthetic medium plates and on 2% galactose-containing synthetic medium plates. Colonies were counted after incubation for 4 d at 30°C. Survivors from Lev728 in stationary phase were restreaked on galactose-containing synthetic medium plates and cultured in liquid galactosecontaining synthetic medium at 30°C for further analysis. The clones proved to be stable after several restreaks on galactosecontaining synthetic medium plates. The steady level of unfused chromosome 6 also remains unchanged in galactose (data not shown).
The karyotypes of a few survivors from Lev1212 (pGAL1-CEN6-pGAL1) and Lev730 [pGAL1-CEN6-pGAL1 rap1-(D) lif1-D] were studied. Unexpectedly, they display a normal chromosome 6 and two copies of chromosome 2 (data not shown). Chromosome 2 carries the cluster of the GAL7, GAL10, and GAL1 genes whose products process galactose into glucose-phosphate. GAL2, encoding the galactose permease, is on a different chromosome. Introduction into Lev1212 and Lev730 of an extra copy of GAL7, GAL10, and GAL1 on a centromeric plasmid greatly increases the frequency of survivors on galactose (data not shown). This suggests that two copies of chromosome 2 confer resistance to galactose by increasing the dosage of GAL7, GAL10, and GAL1, which may in turn reduce the intracellular concentration of galactose and diminish the rate of transcription from the GAL1 promoters, partially restoring CEN6 function.
Strains Lev1125 and Lev1126 [loxP-CEN6-loxP rap1-(D)] transformed with pRS315-pGAL1-CRE were freshly streaked on glucose-containing synthetic medium lacking leucine and then grown to saturation in YPD in 6 d at 30°C. Cells were spread at an appropriate dilution on 2% galactose-containing synthetic medium plates lacking leucine. Survivors were restreaked once on galactose-containing synthetic medium plates lacking leucine and were checked for the loss of the klTRP1 gene linked to the loxP-CEN6 cassette on synthetic medium plates lacking tryptophan. The loss of CEN6 was then confirmed by PCR with primers surrounding the CEN6 locus. The presence of a telomere-telomere fusion in each individual cen6-D survivor was determined by PFGE (Fig. 4D) and by Southern blot with XhoI and a Y9 probe (data not shown). The fusion proved to be stable after several restreaks on YPD plates. The steady level of unfused chromosome 6 also remains unchanged (data not shown). MATa bar1-D pACE1-UBR1 pACE1-ROX1 CEN6-pGAL1-skHIS3 Lev1211
MATa bar1-D pACE1-UBR1 pACE1-ROX1 KANr-pGAL1-CEN6 Lev1212
MATa bar1-D pACE1-UBR1 pACE1-ROX1 KANr-pGAL1-CEN6-pGAL1-skHIS3 Lev728
MATa bar1-D pACE1-UBR1 pACE1-ROX1 KANr-pGAL1-CEN6-pGAL1-skHIS3 rap1-(D)TKANr Lev730
MATa bar1-D pACE1-UBR1 pACE1-ROX1 KANr-pGAL1-CEN6-pGAL1-skHIS3 rap1-(D)TKANr lif1-DTklURA3 Lev1125
MATa bar1-D pACE1-UBR1 pACE1-ROX1 loxP-klTRP1-CEN6-loxP-skHIS3 rap1-(D)TKANr Lev1126
MATa bar1-D pACE1-UBR1 pACE1-ROX1 loxP-klTRP1-CEN6-loxP-skHIS3 rap1-(D)TKANr
All are from the W303-1a background (ade2-1 trp1-1 ura3-1 leu2-3,112 his3-11,15 can1-100 RAD5). In all listed strains, the UBR1 and ROX1 genes are under the control of the copper-inducible ACE1 promoter. In strains Lev728, Lev730, Lev1125, and Lev1126, rap1 is under the control of a promoter repressible by Rox1 and expresses a protein with an N-terminal tag that makes it a target for Ubr1 and degradation by the N-end rule (Pardo and Marcand 2005) .
